Enteric nematode infections are characterized by both peripheral and tissue eosinophilia. The cytokine interleukin (IL)-5 is considered a critical factor in the proliferation and recruitment of eosinophils, however, studies suggest it plays little role in host defence, at least during primary Trichinella spiralis infections. Less is known concerning its role in host defence or in the in¯ammatory response that develops against challenge infections with the same parasite. We examined these questions by infecting IL-5 de®cient and wild-type mice, with T. spiralis parasites. Both strains expelled the primary infection by day 21. Forty days after the primary infection, we challenged the mice with a second T. spiralis infection and counted tissue eosinophils and worms in the intestine. While wild-type mice developed a large tissue eosinophilia, IL-5 de®cient mice showed little increase in eosinophil numbers within the intestine. Throughout the challenge infection, signi®cantly larger worm burdens were recovered from IL-5 de®cient mice, and worm expulsion was also signi®cantly slower (day 21) compared to wild-type mice (day 14). Thus, unlike in a primary infection, IL-5 is not only essential for the onset of intestinal eosinophilia, but also makes a signi®cant contribution to enteric host defence during challenge T. spiralis infections.
INTRODUCTION
Blood and tissue eosinophilia are characteristic of the mammalian host response to infection by Trichinella spiralis (Herndon & Kayes 1992 , Lammas et al. 1992 as well as other nematode and helminthic pathogens (Urban et al. 1992) . The host response to these parasites is complex (Urban et al. 1992) ; however, interleukin (IL)-5 is considered the principle cytokine regulating the proliferation of eosinophils during such infections (Coffman et al. 1989 , Herndon & Kayes 1992 . Despite the clear relationship between eosinophilic in¯ammation and roundworm infections, the question of whether eosinophils actually contribute to host defence against these parasites is unclear. Several studies using monoclonal antibodies to neutralize IL-5 and thereby block eosinophilia, found little or no impact on the course of several different parasite infections, including T. spiralis, at either the adult or larval stages (Coffman et al. 1989 , Sher et al. 1990 , Herndon et al. 1992 .
Despite the body of evidence suggesting that eosinophils play little role in host protection during these infections, it should be noted that most such studies have only examined the role of IL-5 and eosinophils during primary roundworm infections. However, a host naturally exposed to T. spiralis will undergo a primary infection only once, but may thereafter suffer repeated exposures to the same or related parasites. Since the ability to deal with these challenge infections will determine the survival and viability of the host, the biological relevance of examining how the immune system deals with such repeated exposures is probably as important as the study of host responses during primary infections. Such studies are less feasible in some species, such as the rat, which develops a rapid rejection response against T. spiralis (Russell & Castro 1979) , expelling challenge infections within hours of exposure, however, the mouse is not so protected and can undergo repeated infections (Bell 1992) . Another obstacle that has prevented such studies is the prohibitive cost of using neutralizing antibodies over the course of both a primary and a challenge infection. Fortunately, recent scienti®c advances have permitted the development of mice that speci®cally lack a functional IL-5 gene (Kopf et al. 1996) . Using these mice, as well as their IL-5 expressing controls, we examined the role of IL-5 in host defence against both primary and challenge T. spiralis infections. Our results demonstrate a critical role for IL-5 in the recruitment of eosinophils to the infected intestine during both primary and challenge infections. More importantly, although only minor differences in expulsion kinetics were seen between the mouse strains during a primary infection, IL-5 de®cient mice suffered prolonged challenge infections compared to wild-type mice and were found to carry larger intestinal worm burdens, throughout the course of their secondary infections. These results therefore indicate that although IL-5 expression is only minimally protective during a primary T. spiralis infection, its true role may be to protect against repeated exposure to gastrointestinal parasites, such as T. spiralis.
MATERIALS AND METHODS

Mice
C57BL/6 mice lacking interleukin 5 (IL-5±/±) were originally produced by targeted gene mutation as described by Kopf et al. (1996) . Breeding pairs of IL-5±/± and IL-5/ mice were obtained from the John Curtin School of Medical Research, ANU, Canberra, Australia and were kept and bred under speci®c pathogen free (SPF) conditions at the animal facilities of McMaster University, Hamilton, Ontario, Canada. Animals were kept in sterilized, ®lter topped cages, handled in tissue culture hoods and fed autoclaved food. In addition, sentinel animals were routinely tested for common pathogens. The protocols employed were in direct accordance with guidelines drafted by the McMaster University Animal Care Committee and the Canadian Council on the Use of Laboratory Animals.
Trichinella infection
The T. spiralis parasites used in this study originated in the Department of Zoology at the University of Toronto and the colony was maintained through serial infections alternating between male Sprague-Dawley rats and male CD1 mice. The larvae were obtained from infected rodents 60±90 days postinfection, using a modi®cation of the technique described by Castro & Fairbairn (1969) . Mice were infected by administration of 0´1 ml of phosphate-buffered saline (PBS) containing 375 T. spiralis by gavage. A portion of the mice were then sacri®ced during the course of the primary infection, to determine intestinal eosinophil and worm numbers. The remaining mice were left until 40 days after the primary infection, when the mice were again infected with a similar number of larvae. To minimize differences between infections, both IL-5±/± and IL-5/ mice were infected with the same T. spiralis preparations.
Histology and eosinophil counts
Mice were sacri®ced and jejunal tissues were ®xed in 10% neutral buffered formalin (NBF). Sections (3 mm) were cut and sections were stained with haematoxylin and eosin, or stained with congo red and lightly counterstained with haematoxylin. Intestinal tissue eosinophil counts were performed by counting the number of polymorphonuclear leucocytes that stained intensely with congo red, found within 20 villus crypt units (vcu), per mouse (Zhou et al. 1996) . The number of eosinophils was then divided by the number of villus crypt units and thereafter referred to as eosinophils per vcu. Photomicrographs were taken using a Zeiss camera.
Adult worm counts
The entire length of the small intestine was removed, opened along the longitudinal plane, and all adult worms within the small intestine were then counted using a modi®cation of the method described by Castro and Fairbairn (1969) . Brie¯y, the mucosa was separated from the underlying muscularis by scraping with a glass microscope slide and mixed with 1 ml of PBS. The worms were then counted using a scored Petri dish and an inverted microscope. In accordance with established practices, worm rejection was considered complete when at least 98% of the infective dose had been expelled from the gut (Wakelin 1988 ).
Statistical analysis
Statistical signi®cance was calculated using Student's t-test for the comparison of two means or a one-way analysis of variance (ANOVA) for the comparison of three or more means. Multiple comparisons were performed using the Neuman±Keuls multiple comparison test. P < 0´05 was considered statistically signi®cant. Intestinal worm and eosinophil numbers were evaluated during two separate infections. The data presented represent one of these infections; however, the two infections provided similar results.
RESULTS
Primary infection
During the course of the primary infection, we sacri®ced a portion of the infected IL-5 expressing wild-type and IL-5 de®cient mice to con®rm previous studies (Vallance et al. 1999) by analysing both eosinophil numbers and intestinal worm burdens. The IL-5/ mice, as previously reported (Vallance et al. 1999) , developed a signi®cant peripheral and tissue eosinophilia during the infection, with tissue eosinophil numbers peaking on day 8 (> 12 eosinophils/ vcu) while no signi®cant increase in eosinophil numbers was seen within the IL-5 de®cient mice (< 1 eosinophil/vcu). Intestinal worm burdens in IL-5/ and IL-5±/± mice were similar throughout the ®rst 12 days of the primary infection and both IL-5±/± and IL-5/ mice expelled their worm burdens between days 16 and 21 postinfection. This suggests that any role IL-5 and eosinophils may play in the host defence against a primary T. spiralis infection is minor. Survival of the larval phase has also been previously shown to be similar in the two mouse strains, with no signi®cant difference found in the number of skeletal muscle larvae recovered following the primary infection (Vallance et al. 1999) .
Secondary infection
Although the primary infection was expelled by day 21 postinfection, we waited until day 40 postinfection to reinfect the mice. This time was chosen not only to allow the primary infection to clear, but also to ensure that eosinophil numbers in the jejunal mucosa had returned to approximately baseline levels.
Eosinophil counts
Using light microscopy, the number of eosinophils identi®ed in the jejunum of IL-5±/± and IL-5/ mice, were evaluated per villus crypt unit, both prior to and during the challenge T. spiralis infection (Figure 1 ). Prior to reinfection, eosinophil numbers in both IL-5/ and IL-5±/± mice had returned to levels similar to those seen in uninfected mice of the same strain. However, at this time, the IL-5/ mice possessed a signi®cantly greater number of intestinal eosinophils (1´0 eosinophils/vcu) compared to the IL-5±/± mice (0´2 eosinophils/vcu). Following infection, little change was seen in the IL-5/ mice at day 2 (1´9 eosinophils/vcu), but eosinophil numbers rose signi®cantly thereafter, peaking on day 6 (9´5 eosinophils/vcu) and remaining signi®cantly elevated on days 10 and 14 postinfection (6´9 and 6´5 eosinophils/vcu), respectively. In contrast, there was only a small increase in the number of intestinal eosinophils seen in the IL-5±/± mice over the course of the infection, with numbers ranging from 0´4 to 0´7 eosinophils/vcu. The minor increase in eosinophil numbers seen in the IL-5±/± mice was signi®cantly elevated over uninfected levels only at day 6 postinfection.
Comparing the two strains, the number of intestinal eosinophils was signi®cantly greater in the IL-5/ mice at all time points tested except for day 2 postinfection.
Eosinophil distribution
During infection of IL-5/ mice, eosinophils comprised a signi®cant portion of the in¯ammatory cells in®ltrating the small bowel, with eosinophils seen in clusters in the tips of the jejunal villi as well as more commonly at the base of the villi and in the crypt regions. Eosinophils were also seen in close association with T. spiralis parasites (not shown). In contrast, the cellular in®ltrate was reduced in the IL-5 de®cient mice, and was composed predominantly of mononuclear cells, rather than granulocytes. While eosinophils were uncommon in the IL-5±/± mice, those that were detected were also found close to parasites, although in much smaller numbers (not shown).
Worm counts
Evaluation of the parasite load in the small intestine of T. spiralis infected IL-5 de®cient and IL-5 expressing mice revealed a time dependent decrease in worm numbers from the small bowel of both mouse genotypes over the course of the challenge infection (Figure 2) . While approximately the same number of T. spiralis larvae (80±100) established and reached adulthood in the small bowel of IL-5/ and IL-5±/± mice as of day 4 postinfection (not shown), a signi®cantly larger number of worms was recovered from the small bowel of IL-5±/± mice beginning at day 6 postinfection. While the difference between IL-5/ and IL-5±/± mice was not signi®cant on day 10 postinfection, there was an obvious trend toward greater numbers in the IL-5±/± mice, and by day 14 postinfection, the difference between the two strains was again signi®cant. The infection was essentially complete by day 14 in the IL-5/ mice, but worms were still detectable within the IL-5±/± mice until day 21 (not shown), at which time, they too had expelled the infection.
DISCUSSION
Tissue and blood eosinophilia develop as one arm of a tripartite host response to infection by T. spiralis, in concert with mucosal mast cell hyperplasia and elevated serum immunoglobulin (Ig)E levels (Wakelin 1993 , Wilson 1993 . As one of the`Th2' array of cytokines produced during nematode infections, IL-5 is critical for the eosinophilic arm of the response. Among the ®rst cytokines expressed in the intestine during gastrointestinal roundworm infections, Svetic et al. described elevated IL-5 mRNA expression in the Peyer's patches of mice in the ®rst 24 h of a Heligmosomoides polygyrus infection (Svetic et al. 1993) . High levels of IL-5 protein were also produced by cells isolated from the mesenteric lymph nodes taken from mice within a few days of a T. spiralis infection (Goyal et al. 1994) . Despite evidence that IL-5 may be protective during primary infection by some parasites (Ovington et al. 1998) , most studies examining IL-5 and eosinophils during primary nematode or helminthic parasite infections have found that the blockade of IL-5, and the infection-induced eosinophilia, did not change parasite expulsion kinetics or larval survival (Coffman et al. 1989 , Sher et al. 1990 , Herndon et al. 1992 . Similarly, we found only minor differences between IL-5 de®cient and wild-type mice during primary T. spiralis infection. Despite the extensive characterization of primary gastrointestinal parasite infections, little is known about the role of IL-5 in the host response seen on re-exposure to such parasites. Our study identi®es a critical role for IL-5 in mediating the intestinal eosinophilia that develops in IL-5/ mice following reinfection with T. spiralis. In the absence of IL-5, infection raised tissue eosinophil numbers only slightly above the resident population numbers found in uninfected IL-5±/± mice. Thus, IL-5 production is not required to maintain resident eosinophils within the bowel under physiological conditions, but it is essential for the increased production and recruitment of eosinophils to the gut during infection. This is surprising considering that a challenge infection should provide ample opportunity for other growth factors and cytokines to compensate in the absence of IL-5. Such compensation is presumably responsible for the limited increase in eosinophil numbers seen at day 6 postinfection in the IL-5 de®cient mice.
Our data suggest that IL-5 plays a more important role in protecting the host against secondary exposure to the parasite than it does against the initial infection. Outside of the laboratory, natural hosts for T. spiralis and other nematodes may suffer repeated exposure to such parasites (Hanbury et al. 1986) . It is also known that subsequent infections are generally less severe than the initial infection (Russell & Castro 1979 . Therefore, developing protection against reinfection is probably as important in determining the survival and viability of the host as the defence mechanisms active during a primary infection. This protection can take several forms, with the rat developing a rapid rejection response that expels the majority of the worms from the bowel within a few hours of a challenge infection , Russell et al. 1979 . The mouse as well as other species, are not so protected and can undergo repeated, albeit attenuated secondary infections (Bell 1992) . Our data indicate that IL-5, presumably through its actions on eosinophils, plays a critical role in mediating this resistance to reinfection in the mouse.
In this study, we have primarily attributed the susceptibility of the IL-5 de®cient mice to their de®cient production and recruitment of eosinophils. IL-5 not only acts as an eosinophil growth and differentiation factor (Yokota et al. 1987 , Campbell et al. 1988 , but it can also delay the apoptosis of eosinophils (Simon & Blaser 1995 , Yamaguchi et al. 1988 , Stern et al. 1992 as well as induce their differentiation into a more active, hypodense state (Gleich et al. 1993 , Weller 1994 . Eosinophils may act in host defence by releasing toxic mediators such as major basic protein and eosinophil cationic protein in close proximity to the parasite. These proteins along with other eosinophil derived mediators such as leukotrienes (Gleich et al. 1993 , Weller 1994 ) can kill T. spiralis larvae, at least in vitro (Hamann et al. 1987 , Lee 1991 . Alternatively, eosinophil derived mediators may act indirectly by stimulating gut propulsive activity, which along with increased¯uid secretion, should promote the washing of parasites from the gut (Wakelin 1993) . IL-5 also has other functions, including acting as a B cell growth (Kinashi et al. 1986 ) and IgA enhancing factor (Yokota et al. 1987) . Previous characterization of IL-5 de®cient mice identi®ed a marked depletion of IgA positive cells of the B1 lineage (Whittle et al. 1997 , Bao et al. 1998 ; however, what contribution this may have to parasite expulsion is unclear. Interestingly, the basis for the signi®cant role for IL-5 in host defence identi®ed during a challenge but not a primary T. spiralis infection cannot lie in the levels of eosinophil recruitment. Signi®cant intestinal eosinophilia occurred in wild-type mice during both primary and secondary infections. It may instead re¯ect differences in the activation state of the eosinophils. While little is known about their requirements in vivo, a number of in¯ammatory mediators are known to activate eosinophils in vitro. Once recruited, additional cofactors, such as immunoglobulins may be required for eosinophils to achieve their full antiparasite potential. Indeed, immunoglobulins are critical in the mediation of antibody dependent cell mediated cytotoxicity (ADCC) against such parasites in vitro. In vivo, interactions between parasite speci®c antibodies and eosinophils may occur too late to effectively combat a primary infection. However, circulating as well as intestinal immunoglobulin levels remain elevated long after a primary infection has ended (Lammas et al. 1992) . Therefore, interactions between eosinophils and immunogobulins already primed against the parasite could be the basis for the protection seen against a challenge T. spiralis infection in IL-5 expressing mice.
Taken together, this study is the ®rst to show a signi®cant host protective role for IL-5 during T. spiralis infection. Determining the basis for host defence against gastrointestinal roundworm infections has been a longstanding goal, but despite the conserved nature of the eosinophil, mast cells and IgE response to infection, studies demonstrating clear contributions of these factors to host defence have not been forthcoming. These results suggest that the eosinophilic arm of the host response may not be directed primarily towards the initial infection, but rather aimed at ameliorating the consequences of reinfection. In this light, examining the role of other mediators of host defence during challenge nematode infections may be warranted.
